5-Formyluracil (5-foU) is a potentially mutagenic lesion of thymine produced in DNA by ionizing radiation and various chemical oxidants. Although 5-foU has been reported to be removed from DNA by E. coli AlkA protein in vitro, its repair mechanisms are not fully understood. In this study, we used the borohydride trapping assay to detect and characterize repair activities for 5-foU in E. coli extracts with sitespecifically designed oligonucleotides containing a 5-foU at defined sites. The trapping assay revealed that there are three kinds of proteins that form covalent complexes with the 5-foU-containing oligonucleotides. Extracts from strains defective in the nth, nei or mutM gene lacked one of the proteins. All of the trapped complexes were completely lost in extracts from the nth nei mutM triple mutant. The introduction of a plasmid carrying the nth, nei or mutM gene into the E. coli triple mutant restored the formation of the corresponding protein-DNA complex. Purified Nth, Nei and MutM proteins were trapped by the 5-foU-containing oligonucleotide to form the complex in the presence of NaBH 4 . Furthermore, the purified Nth, Nei and MutM proteins efficiently cleaved the oligonucleotide at the 5-foU site. In addition, 5-foU was site-specifically incorporated into plasmid pSVK3, and the resulting plasmid was replicated in E. coli. The mutation frequency of the plasmid was significantly increased in the E. coli nth nei mutM alkA mutant, compared with the wild-type and alkA strains. From these results it is concluded that the Nth, Nei, MutM proteins are involved in the repair pathways for 5-foU that serve to avoid mutations in E. coli.
INTRODUCTION

Reactive oxygen species (ROS)
1 are generated in living cells during normal cellular metabolism and by exogenous sources such as ionizing radiation and various chemical oxidants (1, 2) . ROS cause damage to DNA, producing a wide variety of oxidative modifications to purines and pyrimidines (3) (4) (5) (6) (7) . Unrepaired oxidative DNA damage has been suggested to play a role in cancer, aging and many degenerative pathologies in humans (1, (8) (9) (10) . In most organisms, the repair of oxidatively damaged bases in DNA is primarily mediated by the base excision repair pathways (5, 6, (11) (12) (13) .
The 5,6-double bond of pyrimidines is vulnerable to hydroxyl radicals generated by ionizing radiation and oxidizing agents. From thymine, 5,6-dihydroxy-5,6-dihydrothymine (thymine glycol), 5-hydroxy-5,6-dihydrothymine and a number of ring contraction and fragmentation products are formed (5, 6, (11) (12) (13) . Although none of these lesions are strongly mutagenic, thymine glycol and urea in the template block DNA synthesis in vitro (5, 6, 14) . These products are primarily recognized by endonuclease III (Nth) and endonuclease VIII (Nei), encoded by the nth and nei genes, respectively (15, 16) , in E. coli (5, 6, (17) (18) (19) . These enzymes are DNA glycosylases/AP lyases that catalyze both the cleavage of the glycosylic bond to release damaged bases and the incision of the phosphodiester backbone at the resulting AP site via β or β-and δ-elimination reactions (5, 6, (11) (12) (13) (20) (21) (22) (23) . The exocyclic methyl group of thymine does not escape oxidative damage. When cellular DNA is exposed to ionizing radiation and oxidizing agents, several thymine hydroperoxides are formed (7, 24, 25) . 5-Hydroperoxymethyluracil spontaneously decompose to form 5-formyluracil (5-foU) and 5-hydroxymethyluracil (7, 24, 25) . Several reports have shown that 5-foU is a potentially mutagenic lesion. Kasai et al. (26) found that 5-formyl-2'-deoxyuridine is mutagenic to by guest on http://www.jbc.org/
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Salmonella typhimurium TA102 when added to the culture medium. Recently, Fujikawa et al. (27) also reported that 5-formyl-deoxyUTP added to the culture medium causes mutations in E. coli. In addition, 5-foU directs misincorporation of mismatched bases opposite the lesion during DNA synthesis in vitro (28) (29) (30) .
Bjelland et al. (31) and Masaoka et al. (32) have reported that E. coli AlkA protein (3-methyladenine DNA glycosylase II) removes 5-foU from DNA in vitro. Mammalian cells have been shown to possess DNA glycosylase activities that remove the 5-foU from DNA (33, 34) . However, the human N-alkylpurine glycosylase that has a certain degree of overlapping substrate specificity with E. coli AlkA (6) does not show such repair activity for 5-foU (33) . These facts suggest that the 5-foU-DNA glycosylase activity (33, 34) represents an enzyme different from previously characterized DNA glycosylases. These observations led us to examine whether E. coli has another DNA glycosylase(s) that recognize and remove 5-foU from DNA .
DNA glycosylases/AP lyases remove the modified base by breaking the glycosylic bond via formation of a Schiff base intermediate with the N-terminal NH 2 , imino group of proline or the NH 2 group of an internal lysine residue, followed by a β-(or β-and δ-) elimination reaction (5, 12, (35) (36) (37) (38) (39) (40) 
Preparation of Crude Extracts from E. coli Cells
Overnight cultures of E. coli (50 ml) were centrifuged, and the pellets were resuspended in 3 ml of 50 mM Tris-HCl (pH 8.0) containing 1 mM EDTA and stored at -80ºC. The cells were sonicated in an ice-water bath, and then centrifuged at 11,000 x g for 30 min and subsequently at 15,000 x g for 30 min at 4ºC. The supernatants were stored at -80ºC.
Construction of Expression Plasmids of Nth, Nei and MutM Proteins
pACYCnth (43) was used as a template for PCR to amplify the nth gene. One primer (Pmet-1) contained a BamHI site followed by the sequence around the putative start codon (5'-TAGGGATCCCGTCTGATGAATAAAGCAA-3') and the other (Pter-1) contained an EcoRI site followed by the sequence around the stop codon (5'-CCCGCGAATTCACCATGTCAAC-3'). PCR was performed in a reaction mixture containing 20 mM Tris-HCl (pH 8. AATTCACCATGCCTGAAGGC-3') and Pter-3 (5'-TAATAAGCTTGCTGACAGG GCCTG-3'). The PCR product was sub-cloned into the pKK223-3 at HindIII/EcoRI sites. The resulting plasmid was designated pKK-Nei.
The sequences were checked to verify that no mutations had been introduced by the PCR.
Expression and Purification of the Nth Protein
E. coli BL21 carrying pGEX-Nth was grown at 37ºC in LB medium containing ampicillin until the optical density at 600 nm reached 0.4. After the addition of 0.1 mM isopropyl β-D-galactopyranoside (IPTG), the culture was incubated at 37ºC for 6.5 hr.
All subsequent procedures were carried out at 4ºC. The cells were resuspended in PBS containing 0.2% Triton X-100 and then sonicated on ice. After centrifugation of the cell lysate at 15,000 x g for 30 min at 4ºC, the supernatant was applied to a glutathioneSepharose 4B column. After washing with 50 mM Tris-HCl (pH 9.6), the glutathione S- EtSH, 0.5 mM PMSF and 5% glycerol] containing 100 mM NaCl. The dialyzate was applied to a HiTrap SP Cation Exchange column, which had been equilibrated with buffer D. Proteins were eluted with a linear gradient of NaCl (100-1000 mM). The active fractions eluted between 550-650 mM NaCl were pooled and concentrated. After dialysis against buffer D containing 100 mM NaCl, the fraction was loaded onto a HiTrap Heparin column. The active fractions eluted between 600-700 mM NaCl were concentrated and dialyzed against buffer D containing 300 mM NaCl. The dialyzate was applied to a HiLoad Superdex 75 Gel Filtration column. The active fractions eluted with buffer D containing 300 mM NaCl were subsequently applied to a Mono S column. The active fractions eluted between 800-900 mM NaCl were pooled and stored at -80ºC.
Expression and Purification of the Nei Protein
Crude extracts were prepared from E. coli KSR7/pKK-Nei as described above. All procedures were carried out at 4ºC. After fractional precipitation of the supernatant with 20-65% saturation of ammonium sulfate, the precipitate was dissolved and dialyzed against buffer D containing 200 mM NaCl. The dialyzate was applied to a HiTrap Q column equilibrated with buffer D containing 200 mM NaCl. The flow-through fractions were concentrated using Amicon filtration and dialyzed against buffer D containing 100 mM NaCl. The dialyzate was applied to a HiTrap SP column equilibrated with buffer D containing 100 mM NaCl. Proteins were eluted with a linear gradient of NaCl (100-1000 mM). The active fractions eluted between 400-550 mM NaCl were pooled and dialyzed against buffer D containing 100 mM NaCl. The dialyzate was applied to a HiTrap Heparin column and eluted with a linear gradient of 100-1000 mM NaCl. The active fractions eluted between 600-800 mM NaCl were dialyzed against buffer D containing 200 mM NaCl and applied to a HiLoad Superdex 75 column. The active fractions were then applied to a Mono S column. The active fractions were eluted between 400-600 mM NaCl. Purified Nei protein was stored at -80ºC.
Synthesis of 5-FoU-Containing Oligonucleotide Substrates
Oligonucleotides containing a 5-foU at defined sites were synthesized as previously described (41) . In brief, oligonucleotides (17mer and 22mer) containing 5- The constructed plasmid DNA was introduced into E. coli AB1157, MS23 (alkA) and KSR8 (nth nei mutM alkA) by the calcium chloride method (45) . After incubation at 37ºC for 1 hr, an aliquot (0.1 ml) of the culture was plated on LB agar containing 50 µg/ml ampicillin and incubated at 37ºC for 18 hr. The ampicillin-resistant transformants were picked and grown in LB medium containing 50 µg/ml of ampicillin at 37ºC. After Next, plasmids pACYCnth, pACYCnei and pKK-MutM were introduced into E.
RESULTS
Identification of Proteins
coli KSR7 (nth nei mutM), and extracts were prepared and incubated with the duplex Oligo 1/Oligo 4 in the presence of NaBH 4 . As shown in Fig. 3 MutM protein showed homogeneous molecular mass of ~31 kDa in SDS-PAGE (Fig.   4B ). Fractions were monitored for 5-foU DNA glycosylase/AP lyase activity by NaBH 4 , and proteins were analyzed by SDS-PAGE. The ability of MutM protein to cleave an 8-oxoguanine-containing duplex oligonucleotide was also assayed (data not shown). It was evident that the MutM protein also had the ability to form a trapped complex with the 5-foU-containing oligonucleotide (Fig. 5A, lanes 4 and 8; Fig. 5B, lanes 1-6) .
The Nei protein was also purified from E. coli KSR7 (nth nei mutM)/pKK-Nei as described above. Each purification step was monitored for 5-foU DNA glycosylase/AP lyase activity by NaBH 4 and proteins were analyzed by SDS-PAGE. The Nei protein showed a homogeneous molecular mass of ~29 kDa in SDS-PAGE (Fig. 4C) . The Nei protein also had an activity to form the trapped complex with the 5-foU-containing oligonucleotide by NaBH 4 (Fig. 5A, lanes 3 and 7; Fig. 5B, lanes 13-18) .
The formation of trapped complexes increased with the amount of the purified Nth, Nei and MutM proteins (Fig. 5B) . No protein-DNA complex was formed when heat-denatured Nth, Nei and MutM proteins were incubated with the 5-foU-containing oligonucleotide in the presence of NaBH 4 (data not shown). Therefore, the HB101 cells that are resistant to ampicillin must carry mutant plasmids that were resistant to SalI. When the plasmid containing 5-foU was replicated in the nth nei mutM alkA mutant, the mutation frequency was significantly increased (~10 fold), compared with in wild-type and alkA strains (Table I ). These results indicated that 5-foU is one of the substrates of the Nth, Nei and MutM proteins and that the proteins are involved in the repair pathways for 5-foU that serve to avoid mutations in E. coli cells.
Cleavage of 5-FoU-containing
DISCUSSION
The 5-foU is suggested to be a potentially mutagenic lesion (26-30). 5-Formyl-2'-deoxyuridine and 5-formyl-deoxyUTP exogeneously added to the culture medium cause the mutagenic effects in bacterial cells (26, 27) . Moreover, in this study, we showed a mutagenic effect when the 5-foU-containing plasmid was replicated in E. coli cells.
These results showed conclusively that 5-foU is a mutagenic lesion. These observations led us to postulate that E. coli cells must have repair mechanisms for the oxidative lesion to avoid mutations.
In this study, using the borohydride trapping assay, we identified proteins in E.
coli extracts that act on 5-foU in DNA. This assay is based on the fact that all known DNA glycosylases/AP lyases, irrespective of their structure, use an enzyme-derived amine nucleophile to expel the aberrant base (5, 12, (35) (36) (37) (38) (39) (40) . This results in a Schiff base intermediate, which can be trapped by borohydride, which results in irreversible DNAprotein cross-linking (35) (36) (37) (38) (39) (40) . Detection of the trapped protein-DNA complex is useful to identify not only DNA glycosylases with AP lyase activity but also to delineate the functional domains (35) (36) (37) (38) (39) (40) . Therefore, we used this assay to identify enzymatic activities that recognize 5-foU in extracts from E. coli cells. We found that Nth, Nei and MutM proteins had novel DNA glycosylase/AP lyase activities that recognize and remove 5-foU in DNA. This conclusion was derived from the following facts: these proteins could be trapped by NaBH 4 to the 5-foU-containing oligonucleotide (Figs. 3 and 5) and efficiently cleaved the oligonucleotide at the 5-foU site (Fig. 6 ). The purified Nth protein excision of the 5-foU-containing oligonucleotide showed efficiency similar to that observed with thymine glycols (48) . In addition, the facts that the Nth protein cleaved the oligonucleotide by a β-elimination reaction indicated that the enzyme acts on 5-foU through the same mechanism as that for substrates previously characterized such as thymine glycols and urea. The same argument might apply for the functions of the Nei and MutM proteins. However, the trapping assay is not suited for assaying DNA glycosylase without AP lyase activity, like E. coli AlkA. Hence, it is not excluded that E.
coli has another repair enzyme(s) operating on 5-foU.
Repair of oxidative damage to DNA bases is essential to prevent mutations and cell death (5, 6, (11) (12) (13) . Nth protein (endonuclease III) was first identified as an activity in E. coli which introduced strand insion in X-irradiated, UV-irradiated and OsO 4 -treated DNA (5, 6, 49, 50) . This enzyme was characterized as a DNA glycosylase specific demonstrated a novel activity of the Nth protein that recognizes and repairs 5-foU using a defined oligonucleotide substrate (28, 29, 41) . A common feature of the identified Nth substrates is that they are no longer aromatic and planar in the pyrimidine ring (5, 6, 12) . Furthermore, in this study, we found that 5-foU is also a substrate of the MutM protein.
It is possible that the MutM protein is able to accommodate these small oxidized pyrimidines within its active site since it might be designed for larger oxidized purines In this study, we found that the frequency of mutations of the 5-foU-containing plasmid significantly increased when it was replicated in E. coli KSR8 (nth nei mutM alkA), compared with in wild-type and alkA strains (Table I) . Single mutations in the nth, nei or mutM gene did not affect the mutation frequency, like the alkA mutation (data not shown). Thus, these gene products might be back-up enzymes to repair 5-foU in DNA.
Base excision repair is highly conserved from bacteria to humans (5, 6, 12, 60) .
Human hNTH1 and mouse mNTH proteins are structural and functional homologues of E. coli endonuclease III (61) (62) (63) . mNTH does not act on 5-foU-containing oligonucleotides (14) . On the other hand, in this study, hNTH1 protein was found to have trapping activity to the 5-foU oligonucleotide (data not shown). 
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a Each value represents the mean of three independent experiments.
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